The process-parameter-dependent optical and structural properties of ZrO2MgO mixed-composite material have been investigated.
Introduction
In spite of all the modern technological advancements in coating processes and controls, the problem of identifying optimum optical materials for developing precision thin-film devices still remains. In the higher range of oxygen pressure, we observed a dramatic lowering of refractive indices. Various kinds of optical inhomogeneities were also observed when different process parameters were systematically altered. Optical properties and constants have been derived from the transmittance and the reflectance spectra of the films recorded during and after the process.
Through atomic force microscopy (AFM), the surface structures and power spectral densities (PSD's) of critical films have been investigated.
Combinations of other characterization techniques, such as x-ray diffraction analysis and energy-dispersive
x-ray (EDX) via scanning electron microscopy (SEM), provided much valuable information about the process-dependent microstructure of the films.
Note that the refractive index of the tions showed an initial homogeneous structure within the first few quarter-wave turning points (critical thickness) followed by a transition to inhomogeneity. An experimental film of this type, deposited at optimized temperature and at a high rate of evaporation, has been described in the sections below.
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Earlier Research on the ZrO2MgO System
Historically, the They used a rapid-scanning monochromator system during the deposition process. In our present studies, we recorded the transmittance signal at a predetermined wavelength during the growth process, and we scanned the film transmittance in vacuum after the deposition from 350 to 975 nm using the of GSM-420 optical monitor system. Both of these data sets were used in combination with spectral characterizations acquired after exposure to room air at ambient humidity to analyze the inhomogeneity and to determine optical constants. The latter transmittance spectra were recorded on a Perkin-Elmer Lamda-19 UV-vis-NIR spectrophotometer. All spectra were then analyzed to locate their interference peaks using Spectra Calc commercial data-analysis software.
Spectrophotometric Analysis
The spectrophotometric data sets were then processed by the SPECTR analysis software to compute the mean constants, 2°w hich include refractive index n .... extinction coefficient kin, absorption constant am, and physical thickness d. The degree of in_homogeneity (An _, negative or positive)
is computed from the expression assuming the columnar growth of the film as follows29.37.3s:
where nm is the mean value for the refractive index and AT _ is the difference of film (TF) and substrate transmission (T_) at the peak maxima. Different types of inhomogeneity with positive and negative values of this parameter are shown in Fig. 1 In such films, an additional reflection measurement is needed to resolve the ambiguity. While computing these parameters, the transmit-tance data and quartz-crystal data were taken into account to compute the thickness of the inhomogeneous samples. Some of the samples were also examined with a Dektac stylus-type profiler.
Since the samples showed a wide range of inhomogeneities changing from linear to hyperbolic or exponential etc., it is not possible to compute an actual refractiveindex profile in the growth direction from its transmittance measurements. It is always possible, however, to compute the mean refractive index (nm) from the order of the peaks (ore), experimental peak positions (hp), and thickness value (d) as follows'_°:
After getting starting values of d and nn,, Eqs. (1)-(3) can be used with any constrained fitting technique to get improved values for the parameters. This information on mean constants is sufficient to characterize the films for their process-parameterdependent
properties. The details of this approach have been described elsewhere. 29 We have found that experimental mean refractive index of the films were fit very well by use of the two-pole Sellmeier dispersion formula39:
where k is the wavelength of the incident light and coefficients A, B_, Be, C1, and C 2 have their meanings as per Ref. 39.
The first and second terms represent, respectively, the contribution to refractive indices due to higher-energy and lower-energy bandgaps of electronic absorption, whereas the last term accounts for a decrease in refractive indices because of lattice absorption. Subsequently, these index fits were refined to match the computed transmittance spectra with experimental curve to a reasonably good accuracy.
It is also possible to compute mean electronic bandgaps (Eg) from the Sellmeier coefficient B e. In the above expression, the coefficient Ce determines the IR transmission cutoff; it is the square of twice the energy associated with the IR transmission cutoff edge.
The computed Sellmeier coefficients for samples prepared under various substrate temperatures but at the same rate of deposition and oxygen pressure are given in Table 1 .
Like refractive index, the mean extinction coefficient for inhomogeneous films is defined as
In the present case, we computed the extinction coefficients in strong and medium absorbing regions Variables T M and Tm are the maxima and the minima transmittance envelopes, respectively, for the interference fringes as shown in Fig. 1 
for/_o0 < Eg, and for indirect transitions42:
(7) for ho_ > E, where _ is the absorption constant and h¢o (or hv) is tim photon energy of the incident radiation. In the present case, the process-dependent bandgap values provided very useful information with regard to the phase composition of the films deposited in specific deposition conditions.
Films with Mixed lnhomogeneity
During our experiments we discovered that in certain process conditions the films showed mixed inh0mogeneity, i.e., after certain minimum critical thickness of homogeneous growth, the inhomogeneity began to (8) appear. This phenomenon is observed during inprocess optical monitoring.
The presence of such a structural condition is also reflected in the postprocess transmittance spectra.
In the transmittance spectra, been presented in the Fig. 8 Typical transmittance spectra taken just after the growth of the film in vacuum and then in air are presented in Fig. 8(b (1/_/s) and the same oxygen base pressure.
The mean extinction coefficients showed an identical trend with respect to oxygen pressure. Samples prepared at I × 10 -4 mbar displayed the minimum optical losses as shown in Fig. 9 , and samples prepared at 6 × 10 4 mbar displayed the highest extinction coefficients.
Similarly, as shown in Fig. 10 
Effect of Rate of Evaporation
The rate of evaporation somewhat affected the films constants.
Films prepared at a higher rate of evaporation showed relatively lower refractive index and higher extinction coefficients, as shown in Figs. 11 and 12.
It is likely that the slower rate allows for a better stabilization of the nucleation process through a higher relaxation time, which, in turn, gives rise to a higher packing density and improved indices. 29 The most interesting effect observed in high-rate deposited films is the very prominent transition from homogeneous to inhomogeneous structures. Such a change was clearly observed during the in situ optical monitoring.
The peak minima in the posttransmittance spectra also showed very different modulation behavior, as shown in Fig. 2 . This effect was simulated assuming the presence of both homogeneous and inhomogeneous structures in the films along the growth direction, as depicted in Fig. 3 .
Atomic Force Microscope Analysis
We used AFM for both qualitative as well as quantitative investigation of process-dependent properties. Fig. 13 . This quasi-linear behavior of the PSD on a log-tog scale is characteristic of a frequency variation given by "_4
where _ is a constant, a is the spatial frequency, and is the spectrum slope. Depending on whether the parameter _ is greater or lower than 2, the surface may appear rougher or smoother as the wavelength increases.
5_ For typical smooth surfaces this value is very close to 2.
Such a power law may be characteristic of a fractal behavior of roughness or more specifically self-affine behavior. 54 In this situation we calculate expression of the two-dimensional fractal dimension D as a function of spectrum slope_4: 
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Opik:a/l'niclmes= (;V4) I,,,..t,,,. higher spatial frequency in these plots is indicative of local defects.
It can be seen from these characteristics that the prevalence of such defects is a minimum for the films deposited at base oxygen pressure. In Fig.  17 , we have presented the data in a threedimensional form that clearly shows the sharp changes in the surface as a function of oxygen pressure in the high-pressure region.
The decrease in the refractive indices at higher oxygen pressure can be attributed to a lowering of the packing density in the deposited films. Atomic force microscope images also provided some qualitative information on the inhomogeneity in films.
The samples with negative inhomogeneity (refractive indices decrease from the substrate-to-air interfaces) showed growth of crystallites that are The negative inhomogeneity in the films effectively produces a wide-band antireflection effect. Samples prepared in ambient temperature conditions showed the presence of a very weak cubic phase in the films along with a trace of mono- clinic phase as shown in Fig. 18 . At a temperature of 239°C, the film shows a very distinct cubic structure with the most preferred orientation being the (111) direction.
X-ray Diffraction Analysis
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For intermediate temperatures (167°C and 125°C) , the most preferred orientation for crystalloids changed to the (200} direction. Note that in these phase conditions, the films had higher mean refractive indices and less inhomogeneity.
Since the films showed minimum inhomogeneity at a substrate temperature of 125°C, we attempted to minimize the inhomogeneity further by varying the oxygen pressure.
Regardless of the oxygen pressure used, the films grew with the (200} direction being the most preferred orientation, as shown in Fig. 19 . For films grown at a oxygen pressure of 8 × 10 -4 mbar, the crystallographic peaks were essentially absent, implying extreme randomness in the orientations of the crystallites. This is the condition that gave the lowest possible refractive indices of the films. Changes in the rate of evaporation also caused very distinct variations in the amplitudes of diffraction peaks, and this was most likely due to differences in the size and the orientation of the crystalloids. In Fig. 20 , a comparison of peak amplitudes for films evaporated at rates of 1 A and 3 A/s are displayed. Oxygen-pressure-modulated films showed the presence of the cubic structure very prominently. For example, Table 2 Figure  21 shows the diffraction pattern of this film in addition to the measured spectral reflectance and oxygen modulation along the growth direction. For this modulated sample, we tried to find the effective residual strain and particle size from the x-ray peak broadening. Two major contributions for the peak broadening, effective particle size and strain, can be expressed in the following equations (for the isotropic case)5,e2.e3:
cos(0)/X = 1/P + 4e sin(0)/k,
where [3 is the full width at half-maximum (FWHM) of the Bragg peaks in radians, 0 is the Bragg angle, P is the effective coherent diffraction center size, e is the effective strain, and k is the wavelength of the x-rays.
For distorted or anisotropic lattices, the equation becomes more complex.
The fact that stress-induced diffraction peak broadening follows a tan(0) function, whereas the diffraction center size broadening has a 1/cos(0) dependence, allows us to separate these effects graphically. From the above relationship, the diffraction center size and the strain are obtained when [3 cos(0)/k versus sin(0)/k, which is depicted in the Fig. 22 , is plotted. The value of P computed from the intercept is -10/_. The slope of this plot is nearly zero, which suggests that such a film is almost strain-free.
Films deposited at two different rates of evaporation showed very distinct changes in x-ray diffraction peak heights and widths, as shown in Fig. 20 . At the higher rate, the peaks are smaller, which is indicative of additional stress present in the film. This may be Fig. 31 . Observedvacuum-to-airshift in the transmittance characteristics of an experimental edge filter.
due to the rapid nucleation process with minimum relaxation time that occurs during higher-rate evaporation.
Alternatively, there are several other possible explanations for the microstress in polycrystalline films that include dislocations, vacancies, defects, shear planes, thermal expansions, and contractions.
Energy-Dispersive X-Ray Compositional Analysis
To We have successfully developed various multiIayer equivalent optical coatings using step modulation of oxygen during the growth of the film. In Fig. 21 , we have presented the experimental characteristics of an oxygen-modulated 15-quarter-wave-thick film, which has a peak reflectance value of -90% and a FWHM of 800 nm.
The oxygen pressure modulation versus optical thickness of the film is also depicted below this plot.
Similarly, using an optical thickness of 34 quarter waves in the film and suitably controlling the timings of modulation, we were able to generate characteristics of an edge filter equivalent to the design 6s 0.5H (LH) x 16 L 0.SH.
The characteristics of such a single-layer coating is presented in Fig. 30 .
The oxygen pressure modulation versus layer thickness is also presented in this figure. Note from this experimental characteristic that the edge filter has a stop band over 495-545 nm and a passband with good ripple rejection starting from 565 nm. It carries a sharp transition in the reflectance that makes the coating an excellent wavelength multiplexer for use with closely spaced wavelengths. We have observed that, because of the change of refractive indices, there is a change of spectral characteristics measured in air and vacuum. In Fig. 31 , we have presented the measured characteristics of an experimental edge filter in air and in vacuum. It can be observed from this plot that the characteristic in air has shifted to higher wavelengths with a decrease in reflectance over the stop band. This clearly indicates the increase of refractive index in the oxygen-enriched portion of the layer when exposed to air.
In Fig. 32 , we have shown the experimental characteristics of a more difficult antireflection coating. It has been observed in several modulated films that the vacuum-to-air shift in spectral characteristics becomes minimum when the last part of the film is deposited without any additional oxygen. Fur-
Conclusion
We have investigated various process-dependent properties of the ZrO2MgO solid solution composite films deposited by reactive electron-beam evaporation.
Substrate temperature and oxygen pressure affect the optical properties of the composite films in a very interesting manner. This is probably due to the formation of superstoichiometric structures in the films above a certain threshold value of oxygen pressure. SEM analysis has indicated the presence of a high ratio of oxygen in the films deposited at higher pressure.
The optimum quantity of MgO in ZrO 2 needed to produce the highest refractive index is also determined by SEM measurements. The x-ray diffraction analysis showed various interesting results.
Although most of the films showed cubic structure, the films deposited at ambient conditions reveal the presence of a small amount of monoclinic phase.
This phase is also indicated by the indirect bandgap analysis.
The refractive index reached its highest value for the films deposited at 167°C without any additional oxygen. Films deposited at a temperature of 125°C showed the highest refractive index when deposited at an oxygen pressure of 1 x 10 4 mbar.
At higher oxygen pressure, the films had refractive indices very similar to low-index film materials.
Using suitable modulation of oxygen during the growth process made it possible to produce various types of optical coatings. 
